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INTRODUCTION 

Ionizing  radiation  from  cobalt-60  gamma  and  electron  beam  sources  are  used  to  investigate 
methods  to  improve  the  abrasion  resistance  of  polyurethane  elastomers.  Radiation  curing  of 
acrylated  urethane  oligomers  and  grafting  acrylonitrile  onto  polyurethanes  were  studied.  Low 
energy  electron  beam  and  plasma  surface  treatment  was  also  performed.  A  special  device  was 
developed  to  measure  edge  abrasion,  i.e.  the  abrasion  of  folded  surface. 

Several  commercially  available  acrylated  urethane  oligomers  were  cured  by  radiation.  The  gel 
fraction  and  hardness  of  cured  products  were  observed  to  increase  with  increasing  absorbed  dose, 
and  abrasion  resistance,  as  welL  This  indicates  abrasion  resistance  can  be  improved  by  increasing 
crosslink  density.  However,  none  of  the  radiation  cured  polyurethanes  had  an  abrasion  resistance 
as  great  as  that  of  the  conventional  polyurethanes.  Surface  crosslinking  of  conventional 
polyurethane  by  low  energy  electron  irradiation  failed,  as  did  plasma  treatment,  in  the  effort  to 
improve  edge  abrasion  resistance. 

Far  more  successful  was  the  graft  of  polyacrylonitrile  on  one  side  of  a  polyurethane  sheet.  The 
polyurethane  sheet  was  immersed  in  acrylonitrile/n-hexane  solution  and  irradiated  by  gammas. 
Variables  such  as  monomer  concentration,  absorbed  dose,  and  equilibration  time  were  studied. 
Results  show  one-side  grafting  performed  in  10  %  acrylonitrile/n-hexane  with  dose  10  kGy  could 
reduce  abrasion  loss  by  a  factor  of  two  compared  to  untreated  material  with  significant  changes  in 
tensile  properties. 

EXPERIMENTAL 

Acrylonitrile  was  obtained  from  Aldrich  Chemical  Company.  It  has  a  boiling  point  of  77  ‘^C  and 
inhibited  by  35-45  ppm  hydroquinone  monomethyl  ether.  Conventional  pol)airethane  composites 
are  provided  by  the  U.S.  Army  Belvoir  Research  Development  and  Engineering  Center.  An 
oscillatory  cylinder  abrasive  machine  used  in  ASTM  D  4157  was  modified  to  measure  the  edge 
abrasion  property  (abrasion  on  fold)  of  polyurethane  elastomers. 


RESULTS  AND  DISCUSSION 


The  one-sided  grafted  PAN-g-PU  sample  reveal  a  3-region  structure:  grafted  surface;  transition 
region;  ungrafted  backing.  Two  surfaces  may  have  different  graft  content  and  the  core  of  the 
sample  is  virtually  ungrafted.  In  the  beginning  of  the  edge  abrasion  test,  only  the  harder  (or  more 
heavily  grafted)  zone  was  abraded.  After  the  wearing  out  of  the  crest,  the  softer  and  harder  zones 
were  in  simultaneous  contact  with  the  abrasive  paper.  Visual  observations  show  that  the  size  of 
the  debris  from  the  grafted  polyurethanes,  especially  for  graft  yields  larger  than  5.9  %,  were 
smaller  than  the  ungrafted  ones  at  the  beginning  of  abrasion.  With  5.9  %  graft  significantly  larger 
debris  appear  after  100  cycles.  The  size  of  debris  between  1.5  %  grafted  and  ungrafted 
polyurethane  were  indistinguishable.  According  to  Mitsuhashi*,  the  larger  debris  size  indicates  a 
larger  abrasion  loss.  Figure  1  compares  the  abrasion  loss  for  PAN-g-PU  synthesized  from  10  % 
AN/  n-hexane  solution  with  result  from  different  grafts.  The  abrasion  loss  seems  to  level-off  for 
13.6  %  and  20.5%  grafted  PAN-g-PU.  However,  shows  that  the  abrasion  loss  rates  in  the  first 
60  cycles  are  almost  identical  for  both  of  them,  and  for  a  larger  cycle  number,  that  the  13.6  % 
graft  lost  its  weight  faster  than  the  20.5  %  graft.  This  may  indicate  that  both  have  similar  surface 
graft  densitipg  (PAN  weight/unit  weight  of  surface)  but  the  depth  of  the  graft  is  different.  The 
abrasion  loss  rate  decreases  with  increasing  cycle  number  for  0  %  and  1.5  %  grafted 
polyurethanes;  this  is  probably  due  to  the  protection  by  the  debris.  On  the  other  hand,  for  other 
PAN-g-PUs,  the  abrasion  loss  rate  increases  in  the  cycle  range  of  60  -  100.  This  is  the  effect  of 
change  in  the  graft  density  in  overcoming  the  effect  of  debris  protection;  and  after  100  cycles, 
debris  protection  becomes  stronger.  The  elastic  moduli  of  the  grafted  (up  to  10  kGy)  and 
untreated  PU  differ  less  than  10  %. 

CONCLUSIONS 

This  work  demonstrated  that  radiation  grafting  techniques  are  an  effective  technique  for 
improving  the  edge  abrasion  resistance  of  polyurethane,  with  minimal  changes  in  the  bulk 
mechanical  properties.  Best  properties  were  observed  in  10%  AN/n-hexane  solution  irradiated  to 
a  10  kGy  absorbed  dose. 
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Ionizing  radiation  from  cobalt-60  gamma  and  electron  beam  sources  are  used 
in  this  work  in  order  to  investigate  methods  to  improve  the  abrasion  resistance  of 
polyurethane  elastomers.  Radiation  curing  of  acrylated  urethane  oligomers  and 
grafting  acrylonitrile  onto  polyurethanes  were  studied.  Low  energy  electron  beam  eind 
plasma  surface  treatment  was  also  performed.  A  special  device  was  developed  to 
measure  edge  abrasion,  i.e.  the  abrasion  of  folded  surface. 

Several  commercially  available  acrylated  urethane  oligomers  were  cured  by 
radiation.  The  gel  fraction  and  hardness  of  cured  products  were  observed  to  increase 
with  increasing  absorbed  dose,  and  abrasion  resistance,  as  well.  This  indicates 
abrasion  resistance  can  be  improved  by  increasing  crosslinking  density.  However, 
none  of  the  radiation  cured  polyurethanes  had  an  abrasion  resistance  as  great  as  that  of 
the  conventional  polyurethanes.  The  attempt  to  achieve  heavy  surface  crosslinking  of 


conventional  polyurethane  in  order  to  improve  edge  abrasion  resistance  by  low  energy 
electron  irradiation  failed  as  .plasma  treatment. 

For  more  successful  in  improving  edge  abrasion  resistance  was  the  graft  of 
polyacrylonitrile  on  one  side  of  a  polyurethane  sheet.  The  grafting  of  polyacrylonitrile 
onto  polyurethane  was  done  in  acrylonitrile/n-hexane  solution.  Variables  such  as 
monomer  concentration,  absorbed  dose,  and  equilibration  time  were  studied.  Results 
show  one-side  grafting  performed  in  10  %  acrylonitrile/n-hexane  with  dose  10  kGy 
could  reduce  abrasion  loss  by  a  factor  of  two  compared  to  untreated  material  with 


minor  changes  in  bulk  properties. 
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CHAPTER  1 


INTRODUCTION 

Polyurethane  (PU)  elastomers  can  provide  abrasion-,  weather-,  fuel-,  tear-,  and 
water-resistant  coatings  for  high  performance  fabrics  [1].  A  polyurethane-coated 
nylon  fabric  has  been  used  by  the  United  States  Army  as  material  for  collapsible  fuel 
and  water  tanks.  Although  polyurethane  elastomers  have  been  found  to  have  better 
abrasion  resistance  than  other  elastomers,  severe  abrasion  losses  which  happen  on  the 
folded  edge  (edge  abrasion)  of  the  tanks  during  shipment  cause  their  failure. 

The  purpose  of  this  work  is  first  to  develop  a  reliable  device  to  measure  edge 
abrasion  resistance.  Then,  after  studying  the  theories  related  to  abrasion  properties  by 
reviewing  literature,  series  of  experiments  were  designed  to  improve  the  abrasion 
resistance  of  polyurethane  materials:  (1)  polymerization  of  commercial  available 
acrylated  urethane  oligomers  by  ionizing  radiation  as  replacements  of  conventional 
materials,  (2)  surface  treatment  of  conventional  polyurethane  by  low  energy  electron 
bombardment,  and  (3)  grafting  of  polyacrylonitrile  onto  the  surface  of  conventional 
polyurethane. 

The  problems  of  edge  abrasion  (abrasion  on  fold),  have  been  known  for  many 
years.  However,  there  is  neither  a  standard  and  ASTM  method  nor  any  published 
procedure  for  measuring  edge  abrasion  loss.  The  first  goal  of  this  investigation  is  to 


create  a  device  and  a  procedure  for  measuring  the  edge  abrasion  loss  by  modifying  an 
oscillatory  cylinder  abrasive  machine  we  have  in  hand. 

Ionizing  radiation  has  been  widely  used  in  curing  the  coatings,  modifying  the 
properties  of  polymers  by  crosslinking  or  scission,  and  as  a  means  of  grafting 
monomers  into  the  polymer  chains.  These  processes  involve  the  absorption  of  massive 
doses  to  the  polymer  or  polymer-monomer  system.  Two  types  of  ionizing  radiation, 
cobalt-60  gamma  (about  1.25  MeV)  and  electrons  with  energies  0.25  -  10  MeV  are  the 
most  common  industrial  sources  [2].  The  use  of  ionizing  radiation  (both  cobalt-60  and 
electron  beam)  in  the  bulk  polymerization  of  urethane  acrylate  oligomers,  and  surface 
modification  of  polyurethane  by  grafting  as  well  as  low  energy  irradiation  surface 
treatments  in  order  to  increase  abrasion  resistance  was  investigated  in  this  work. 


CHAPTER  2 


THEORETICAL  BACKGROUND 
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2.1  Polyurethane  Elastomers 

Polyurethane  elastomers  belong  to  a  class  of  polymers  termed  "linear  segment 
polymers."  Linear  segmented  polyurethane  elastomers  consist  of  a  long  rubbery  soft 
segment,  generally  based  on  hydroxyl  terminated  polyester  or  polyether,  and  a  shorter 
rigid  hard  segment,  generally  based  on  an  isocyanate  and  short  chain  diol. 

H  {  OCH2CH2CH2CH2  ]  OH 

H[0CH2CH  ]„0H 

CH3 

(A) 

o  o 

i  O  -  C  -  NH  -  R .  -  NH  -  C -O  -  R2  i 

Urethane 

Link 

(B) 

Scheme  1.  Examples  of  (A)  soft  segments  and  (B)  hard  segments  of  polyurethane. 

2.2  Acrylated  Urethane  Oligomers  and  Polymers 

2.2.1  Structure  of  Acrylated  Urethane 

Urethane  acrylate  (UA)  oligomers  have  been  extensively  investigated  as 
protective  coatings  which  are  cured  by  steady  state  or  pulsed  light  sources  or  by 
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ionizing  radiation  (electrons  or  gamma  rays).  The  basic  elements  of  the  resins  are 
urethane  oligomers  containing  acrylic  functionality  and  vinyl  monomers  which  are 
added  to  make  harder  products  and/or  to  reduce  the  viscosity  of  the  precursor  liquid 
for  better  processability  [3].  The  starting  material  for  the  urethane  oligomers  is  a 
polyether  or  polyester  macroglycol  having  a  low  glass  transition  temperature,  T^.  The 
polyester  segments  are  responsible  for  toughness,  abrasion  resistance,  high  tear 
strength,  and  resistance  to  ozone,  and  UV  light,  and  also  impart  polarity  to  the  resin; 
the  polyethers  impart  good  low  temperature  properties,  hydrolytic  stability,  and 
resistance  to  fungal  attack.  However,  polyether  segments  are  more  susceptible  to 
oxidative  attack  and  degradation  upon  UV  exposure  [2,  4].  The  reaction  scheme  for 
the  synthesis  of  UA  shown  in  Scheme  2  involves  preparation  of  (a) 
isocyanate-terminated  macroglycol  and  (b)  acrylate-end-capped  urethane  oligomers 
[4]. 

(a)  20CN-R-NC0  +  HO  -  R' -  OH  - ► 


OCN  -  R  -  NH  -  C  -  O  -  R'  -  O  -  C  -  NH  -  R  -  NCO 

O  O 


(b)| 


2R’  -  OH 

[hydroxyalkyl  (meth)acrylates] 


Scheme  2.  Synthesis  of  UA. 
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2.2.2  Reactive  Diluents 


# 


# 


Reactive  diluents  such  as  monofunctional  N-vinyl  pyrrolidone  (NVP)  [5-8], 
difunctional  hexanedioldiacrylate  (HDDA)  [9,10],  and  trifunctional  trimethylol 
propane  triacrylate  (TMPTA)  [11-13]  can  be  primarily  added  to  UA  to  control  the 
viscosity  and  to  improve  processability,  strength,  elongation,  chemical  and  scratch 
resistance,  and  surface  finish,  and  to  control  the  crosslink  density.  Ideal  reactive 
diluents  require  low  viscosity,  good  solvent  power,  high  cure  rate,  low  toxicity,  low 
odor,  and  desired  physical  characteristics  after  curing.  The  effects  of  several  different 
diluents  on  the  properties  of  Uvithane  (urethane  oligomers  made  by  Thiokol  Co.)  have 
been  reported  [14]. 

2.2.3  Curing  of  UA 

The  olefinic  double  bond  present  at  the  ehain  ends  of  UA  can  be  polymerized 
by  thermal  and  free  radieal  initiators,  as  well  as  by  exposure  to  electron  beam  (EB), 
gamma,  ultraviolet,  laser,  and  radiation  of  longer  wavelength  such  as  infrared  and 
microwave  [4]. 

EB  curing  proceeds,  in  general,  by  a  free  radieal  mechanism,  and  the  steady 
state  reaction  rate,  can  be  express  as 

.  1/2 

Rp  K  D  [M\ 

where  D  is  the  absorbed  dose  rate  and  [M]  is  the  oligomer  concentration  [15].  Lower 
concentration  of  double  bonds  and  higher  viscosity  reduce  the  reaction  rate  [15]  and 
affect  the  dependence  on  D  as  well  as  the  molecular  weight  of  the  polymer. 

The  advantage  of  using  high  energy  radiation  over  chemical  initiators  to  cure 

urethane  acrylate  oligomers  is  that  no  decomposition  products  of  the  initiators  are 
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formed.  The  crossliivk  density  of  EB-cured  gel  film,  as  evaluated  by  the  average 
molecular  weight  between  crosslinking  junctions,  increases  steeply  up  to  50  kGy;  only 
a  marginal  increase  occurs  with  any  further  increase  in  dosage  [16] .  This  may  be  due 
to  crosslinking  through  terminal  acryloyl  double  bonds  at  doses  less  than  50  kGy.  At 
higher  doses  the  crosslinking  may  be  related  to  the  polymer  backbone. 

The  existence  of  oxygen  is  found  to  inhibit  curing  compared  to  curing  in 
nitrogen  atmosphere  because  oxygen  reacts  with  radicals,  i.e., 

R  +  O2  - ►  RO2 

The  peroxy  radical  formed  is  long-lived  and  is  not  an  effective  chain  initiator  unless 
an  effective  hydrogen  donor  like  an  amine  is  present.  The  latter  can  generate  an 
effective  radical  via  the  hydrogen  transfer  reaction  [4]. 

RO2*  +  -CH2-NR,R2 — ►RO2H+  -CH-NR,R2 
2.2.4  Morphology  of  UA 

The  domain  structure  that  results  from  phase  segregation  of  the  hard  and  soft 
segments  in  polyurethane  is  well  recognized  as  the  principal  feature  controlling  the 
properties  of  this  class  of  elastomers  [17].  It  is  recognized  that  a  wide  variety  of 
variables,  such  as  the  type  of  hard  and  soft  segments,  molecular  weight,  and  molecular 
weight  distribution  of  the  two  components,  the  chain  extender,  the  stoichiometric  ratio 
between  them,  the  processing  history,  and  the  polymerization  method  all  affect  the 
degree  of  phase  separation,  the  hard  segment  domain  size  and,  accordingly,  the  bulk 
and  surface  properties  of  the  polymers  [18-21]. 
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Wadhwa  and  Walsh  studied  the  morphology  of  EB-cured  UA  based  on  TDI 
(toluene-diisocyanate)-HEA  (2-hydroxyethyl  acrylate)  [22]  and  TDI-HEMA  (2- 
hydroxyethyl  methacrylate)  [23]  oligomers.  Only  one  value  of  was  found  for  each 
film  indicating  that  the  hard  and  soft  segments  are  mixed  homogeneously.  The  films 
obtained  from  hard-segment  rich  oligomers  are  hard  and  somewhat  brittle,  they  exhibit 
one-phase  morphology  in  which  hard  glassy  segments  play  a  dominant  role.  The  films 
are  soft  and  tough  when  soft  rubbery  segments  are  more  prominent.  The 
heterogeneous  structure  of  interpenetrating  networks  based  on  UA  was  studied  by 
Shilov  et  al.  [24]  using  small-angle  x-ray  scattering.  Lin  et  al.  [25]  found  a  small 
amount  of  a  separate  UA  phase  caused  by  increasing  polyol  molecular  weight.  The 
relative  hydrogen  bond  concentration  detected  by  Fourier  transform  infrared 
spectroscopy  (FTIR)  has  been  used  to  find  evidence  of  phase  separation  [26,  27]. 

Ando  and  Uryu  [28]  irradiated  semiciystalline  urethane  oligomers  at  different 
temperature.  They  found  that  if  EB  polymerization  takes  place  below  the  of  the 
prepolymer,  semicrystalline  UA  with  a  spherulitic  structure  is  obtained.  On  the  other 
hand,  EB  polymerization  above  destroys  the  crystalline  phase  of  the  prepolymer  to 
give  transparent  gel  films.  They  also  found  that  the  film  from  100  kGy  of  EB 
irradiation  at  25  °C  has  higher  crystallinity  and  larger  crystallite  size  than  the  film  from 
UV  irradiation.  The  reason  is  that  EB  irradiation  below  the  melting  point  of  the 
polyurethane  aciylate  can  lead  to  crosslinking  without  the  destruction  of  the  original 
crystalline  structure  while  the  UV  polymerization  proceeds  with  the  melting  of  the 
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crystalline  structure  by  absorbing  lights  other  than  the  UV  absorbed  by  the 
photoinitiator. 

2.2.5  Mechanical  Properties 

The  ratio  of  hard-to  soft  segments  in  UA,  the  concentration  and  nature  of  the 
reactive  diluent,  the  molecular  weight  of  UA  prepolymer,  and  the  curing  technique 
affect  the  tensile  properties  of  cured  UA.  Larger  hard-to-soft  segment  ratios  and 
higher  crosslink  densities  give  films  with  a  higher  modulus  [29].  Schmidle  [14] 
observed,  on  the  addition  of  benzyl  acrylate  as  a  reactive  diluent,  an  increase  in 
elongation  at  break  and  a  decrease  in  modulus  with  no  change  in  tensile  strength. 
However,  lower  elongation  and  higher  modulus  are  the  results  of  the  addition  of 
HDODA,  TMPTA,  and  NVP.  Several  authors  [31-34]  have  investigated  the  effects  of 
reactive  diluents  on  the  mechanical  properties  of  cured  films.  Films  made  with  an 
added  multifunctional  diluent  generally  have  a  higher  tensile  strength  of  cured  films 
and  lower  elongation  at  break  than  cured  films  from  a  neat  oligomer  [32,  33].  On  the 
other  hand,  a  monofunctional  diluent,  generally  speaking,  reduces  the  tensile  strength 
and  enhances  the  elongation  of  polymers.  However,  NVP  has  been  foimd  to  enhance 
both  the  tensile  strength  and  elongation  by  adding  it  to  acrylated  urethane  oligomers 
[30-32,34].  Levy  and  Massey  [35]  used  two  monofunctional  diluents,  NVP  and 
EOEOEA  in  different  concentrations.  They  showed  that  EOEOEA  undergoes 
homopolymerization  and  does  not  become  a  part  of  a  crosslinked  network,  thereby 
resulting  in  a  decrease  in  modulus,  tensile  strength,  and  elongation.  In  this  case, 
EOEOEA  acts  similar  to  a  compatible  plasticizer. 
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The  effect  of  polyol  molecular  weight  (MW),  polyol  type,  and  reactive  diluent 
content  on  the  mechanical  properties  of  lEM  and  TDI-HEMA  [25]  have  been  reported. 
These  studies  indicate  that  the  poloyol  primarily  affects  the  room  temperature  modulus 
due  to  differences  in  the  position  and  breadth  of  the  polyol  .  Increasing  polyol  MW 
leads  to  a  lower  polyol  ,  a  smaller  amount  of  a  separate  urethane  acrylate  phase  and 
a  larger  chain  length  between  crosslinks.  The  first  two  effects  are  reflected  in  lower 
modulus  and  strength  at  room  temperature,  while  a  larger  chain  length  between 
crosslinks  leads  to  higher  elongation  at  break  at  room  temperature  and  lower  modulus 
at  high  temperatures.  Li  et  al  [36]  found  the  crosslinking  process  of  UA  depress 
crystallization  of  the  soft  segments  and  improves  tensile  properties. 

Ando  and  Uryu  studied  the  effect  of  polymerization  temperature  [37]  , 
irradiation  dose  [16],  prepolymer  MW  [38]  on  the  radiation-cured  film.  They 
observed  that  increasing  the  irradiation  dose  increases  the  gel  fraction,  opacity,  and 
tensile  strength,  whereas  elongation  at  break  remains  constant.  Stress  at  yield  and 
modulus  reaches  a  maximum  at  25  kGy  and  then  decreases  with  increasing  dose.  The 
gel  film  cured  below  the  melting  temperature  of  the  crystal,  T„ ,  has  higher  values  of 
stress  at  yield.  Young's  modulus,  and  tensile  strength  than  those  cured  above  T  . 
Young's  modulus,  tensile  strength,  and  elongation  at  break  show  minimum  values  at  a 
prepolymer  MW  of  1700;  and  they  increase  with  increasing  MW.  Idriss  Ali  et  al.  [39] 
examined  several  mono-,  di-,  and  tri-ftmctional  reactive  diluents  on  the  properties  of 
UV  cured  film.  They  found  reactive  diluents  with  triftmctional  acrylate  groups  that 


have  a  branching  effect  can  yield  more  crosslinking  in  the  cured  film;  however,  the 
tensile  strength  is  not  always  enhanced. 

2.2.6  Glass  Transition  Temperature 

In  general,  the  r.of  the  rigid  segments  is  from  30  °C  to  200°C  and  the  T,  of  the 
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flexible  segments  is  commonly  -90  to  -80  °C  for  polyetherurethanes  and  -45  to  -12  “C 
for  polyesterurethanes  [40].  As  the  flexible  segments  become  longer,  the  of  the 
polyurethanes  decreases  asymptotically. 

In  the  solid  state,  at  room  temperature,  all  the  N-H  groups  in 
polyesterurethanes  and  polyetherurethanes  groups  are  hydrogen  bonded  [41].  In 
polyesterurethanes,  the  hydrogen  bonds  of  the  NH  groups  with  the  urethane  C=0 
groups  (ca  60%)  and  with  their  ester  analogues  (ca  40%)  are  dispersed  throughout  the 
polymer  bulk  [42].  In  polyetherurethanes  the  stronger  N-H...O=C  hydrogen  bonds, 
with  an  equilibrium  constant  for  bond  formation  ca  3,  are  sometimes  diluted  several 

times  with  a  large  number  of  the  NH...OC  with  a  bond  formation  constant  of  0.5.  In 
polyetherurethanes,  85%  of  NH  groups  are  hydrogen  bonded,  and  of  that  number  38% 
are  bonded  with  C=0  and  62%  with  ether  groups  [43].  The  more  C=0  groups  that  are 
hydrogen  bonded,  the  higher  the  melting  point  of  the  rigid  segments ,  and  the  lower  the 
Tg  of  the  flexible  segments  [44]. 

The  effect  of  diluent  content  on  the  properties  of  UA  has  been  reported  [3,  32]. 
For  one-phase  materials,  increasing  NVP  content  results  in  an  increase  in  the  T^.  For 
two-phase  materials,  increasing  NVP  contents  increase  the  of  the  hard  segments 
while  the  of  the  flexible  segments  is  unaffected.  Dai  et  al.  added  reactive  diluents 


(20%  NVP  or  DEGDA)  to  the  IPID-HEMA-PPO  system  which  caused  a  slightly 
higher  of  the  PPO  [45]  due  to  a  higher  crosslinking  density  and  an  energy  barrier  to 
the  movement  of  chain  segments  with  added  reactive  diluents. 

2.3  Thermal  Degradation  of  Polyurethanes 

The  urethane  linkage  has  moderate  thermal  stability;  the  decomposition 
temperature  is  between  150  and  250  °C  [40].  Thermal  degradation  involves  random 
scission,  depolymerization,  termination  and  chain  transfer  reactions.  Studies  of  the 
thermal  decomposition  of  substituted  urethanes  show  that  the  three  general  reactions  in 
the  Scheme  3  take  place  [45, 46]. 

Dissociation  to  isocyanate  and  alcohol: 

RNHCOOR'  ->  R-N=C=0+R'-0H 

Formation  of  primary  amine  and  olefln: 

RNHCOOCH2CHR'  ->  R-NH2  +  CO2  +  R'-CH=CH2 

Formation  of  secondary  amine: 

RNHCOOR'  ^  RNR'  +  CO2 
I 

H 

Scheme  3.  Thermal  decomposition  of  polyurethanes. 


According  to  Jellinek  and  Dunkle  [47],  the  thermal  degradation  process  of 
polyurethane  under  oxidative  conditions  proceeds  at  elevated  temperature  according  to 
the  radical  mechanism  shown  on  Scheme  4. 
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■RNH  +  H02- 


\ 


HRNH  +  O2 


HRN-  +H02- 


•RNH  +  O2  — ►  •  OORNH 

HRN  •  +  O2  — ►  HRNOO  • 

■OORNH  +  HRNH  — ►  HOORNH  +  HRN* 
.  -OORNH  +  HRNH  — ►  HOORNH  +  -RNH 
HRNOO  •  +  HRNH  — ►  HROOH  +  HRN  • 
HRNOO  •  +  HRNH  — ►  HRNOOH  +  -RNH 


HRNOOH 


HCN  +  HRNO-+  -OH 
Inert  Products 


HOORNH 


HCN+  ■ORNH+  -OH 
Inert  Products 


HRNO-  +  HRNOOH  — ►  HRNOO  •+  HRNOH 
•  ORNH  +  HOORNH  — ►  '  OORNH  +  HORNH 

•OH+ HRNOOH —►  HRN02-+H20 
•OH+ HOORNH —►  •O2RNH  +  H2O 


Scheme  4.  Thermal  degradation  process  of  polyurethane  under  oxidative  conditions. 
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2.4  Photodegradation  of  Polyurethanes 

The  photodegradation  of  polyurethanes  occurs  through  urethane  group  scission 
(Scheme  5),  which  is  more  pronounced  in  polyester  based  polyurethanes,  and  through 
the  ether  group  scission  in  polyether  based  polyurethanes  (Scheme  6)  which  results  in 
formation  of  hydroperoxides  at  the  carbon  atoms  adjacent  to  the  ether  linkage  (Table 
1,  type  (B))  [48-51], 

The  rate  of  yellowing  is  faster  in  polyesterurethane,  but  it  does  not  correlate 
with  the  intensity  of  oxidative  degradation.  It  is  coimected  with  the  transformation 
from  aromatic  to  the  quinoid  structures  which  is  the  radiation  initiated  degradation  of 
aromatic  isocyanate  based  urethanes.  This  transformation  occurs  via  hydroperoxides 
of  type  (A)  (Table  1).  In  polyetherurethane,  hydroperoxide  of  type  (B)  (Table  1)  is 
formed.  In  polyesterurethane  the  hydroperoxides  is  also  formed  from  the  -CHj-  group 
of  the  ester  group  (Table  1,  type  (C))  [48-52]. 


(A) 


O 

II 

•■■0-C-NH-R-CH-R-NH- 

I 

OOH 


I? 

C-0 


(B) 


(C) 


- O-CH-CH: - 

I 

OOH 

O 

II 

- 0-C-CH - 

I 

OOH 


Table  1.  Various  structures  of  hydroperoxides  in  polyurethane. 
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•OOCH2-CH2  -R- 
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+  -N-R'- 
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-R'NH-NHR' 
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+  2  RO — ►  -R'N:::NR'-  +  2  ROH 


-►  +  •CH2-CH2-R 

(B)  o 

II 

R’-N-C-+  O-CH2-CH2-R 
I 

H 


R’-NH2  +  CH2=CH-R 


CH2O+  -^2  -R- 


+  O2 


■OOCH2  -R- 

•RCHO+  -OH 


-R'-N-  +  CO 
I 

H 


+  ■O-CH2-CH2-R 


R'  NCO  +  HO-  CH2  -  CH2  -  R- 


+  R'  NCO-^  -R"n-C=NR"- 


Scheme  5.  The  mechanism  for  photooxidation  of  polyurethane. 
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Scheme  6.  The  mechanism  for  photooxidation  of  polyether  segments. 
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2.5  The  Wear  of  Polymeric  Materials 

Wear  can  be  defined  as  the  progressive  loss  of  materials  from  the  surface  of  a 
body  as  a  consequence  of  relative  motion.  Three  primary  processes  are  involved: 
deformation  of  the  surface  asperities  to  support  the  load;  detachment  of  material  from 
the  surface;  and  removal  of  this  detached  material  from  between  the  contacting 
surfaces  as  loose  debris  [53].  One  of  the  classifications  of  the  various  types  of  wear  is 
as  follows  [54]: 

(1)  Abrasive  wear:  caused  by  the  presence  of  hard  asperities  on  one  or  both 
surfaces,  by  the  presence  of  hard  particles  between  the  surfaces,  or  by  hard  particles 
embedded  in  one  of  them.  The  cutting  action  of  the  particles  is  usually  a  major 
component. 

(2)  Erosive  wear,  or  erosion:  caused  by  relative  motion  between  solid  particles 
entrained  in  a  fluid.  When  the  relative  motion  of  the  particles  is  more  or  less  parallel 
to  the  surface,  wear  is  called  abrasive  erosion,  and  when  nearly  normal  to  the  surface, 
impingement  erosion. 

(3)  Fatigue  wear:  the  detachment  of  particles  as  a  result  of  cyclic  stress 
variations.  It  is  usually  associated  with  rolling,  but  localized  fatigue  on  an  asperity 
scale  is  becoming  increasingly  recognized  as  a  factor  in  sliding  wear,  too. 

(4)  Corrosive  wear:  a  process  in  which  chemical  reaction  with  the  environment 
is  the  rate-determining  factor.  An  alternative  term  is  oxidative  wear,  when  oxygen  is 
the  primary  reactive  element  involved. 
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(5)  Adhesive  wear;  the  transfer  of  material  from  one  surface  to  another  during 
relative  motion  as  a  consequence  of  adhesive  forces.  The  transferred  fragments  may 
be  either  permanently  or  only  temporarily  attached  to  the  other  surface. 

The  nature  of  the  wear  mechanism  can  be  determined  from  a  scanning  electron 
microscopic  (SEM)  examination  of  the  wear  surface.  Abrasive  wear  is  indicated  by 
cutting  or  gouging  marks  on  the  surface.  Fatigue  wear  leads  to  the  formation  of  cracks 
on  the  surface  and  the  removal  of  relatively  large  chunks  of  the  surface  in  regions  that 
have  been  surrounded  by  intersecting  cracks.  However,  in  practice,  the  wear  process 
occurring  with  any  given  combination  of  materials  frequently  involves  a  combination 
of  several  types  of  wear.  Fatigue,  for  instance,  may  play  a  significant  part  in  the 
abrasive  wear  of  rubbers,  and  in  the  adhesive  wear  of  rigid  polymers  [53]. 

2.5.1  Review  of  Studies  on  the  Wear  of  Polymers 

Selwood  [54]  made  an  interesting  contribution  to  the  problem  of  developing  a 
relationship  between  abrasion  and  other  physical  properties  applicable  to  many  diverse 
materials.  At  a  given  hardness,  more  extensible  (ductile)  materials  are  more  abrasion 
resistant.  Glaeser  [55]  suggested  as  a  rule  of  thumb  that  the  wear  rate  of  polymeric 
compositions  are  directly  proportional  to  the  load  applied  to  the  material,  and  inversely 
proportional  to  its  tensile  strength  when  the  test  specimens  are  at  a  comparable 
condition  of  surface  roughness  and  surface  temperature. 
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2.5.1. 1  Rigid  Polymers 

A  simply  theory  of  abrasive  wear  can  be  developed  by  assuming  that  a  hard 
conical  asperity  indents  a  softer  material  and  plows  or  cuts  a  groove  during  sliding. 
This  leads  to  the  relationship  [56] 


Ldt&n  9 
nH 


orW^  = 


KLtmQ 
nH  ’ 


where  =  V/d,  V  is  the  volume  removed,  d  is  the  distance  of  sliding,  0  is  the  angle  of 
slope  of  the  cone,  L  is  the  load  and  His  the  indentation  hardness  of  the  soft  material. 

The  constant  factor  K  expresses  the  fact  that  not  all  material  in  the  groove  is  removed 

as  debris,  and  some  is  merely  displaced  plastically.  A  similar  result  holds  for  a  surface 

model  involving  sharp  ridges;  in  this  case,  K  =  2. 

Oberle  [57]  has  suggested  that  the  ratio  H/E  (£  =  Young's  modulus),  which 

defines  the  elastic  limit  of  strain,  is  more  relevant  to  the  abrasive  wear.  Ratner  et  al. 

[53]  have  examined  the  importance  of  the  elongation  at  break  as  a  factor  in  the 

abrasive  wear  process.  They  claimed  that  the  production  of  a  loose  wear  particle 

involves  three  stages:  (1)  deformation  of  the  surfaces  to  an  area  of  contact  determined 
by  the  hardness  H  ,  (2)  relative  motion  opposed  by  a  frictional  force  F=  pT  ,  and, 

finally,  (3)  disruption  of  the  material  at  the  contact  points  involving  an  amoimt  of  work 

equal  to  the  integral  of  the  stress-strain  relationship,  or  approximately  equivalent  to 
the  product  of  the  breaking  stress  S  and  the  elongation  at  break  e  .  Thus,  the 
volume  worn  per  unit  distance  of  sliding,  V/d,  is  proportional  to  \IHx\xLx\ISz  and 

the  specific  wear  rate  is 
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Wi  =  Const. (2) 

where  =  V/c/L  .  The  absolute  magnitude  of  the  predicted  wear  rates  would, 

however,  change  appreciably.  In  point  of  fact,  the  dominant  part  in  the  wear  process 
appears  to  be  played  by  the  product  l/iSe.  However,  for  a  series  of  y -damaged 
polytetrafluoroethylenes  (PTFEs),  Briscoe  et  al.  [58]  found  that  the  wear  rates  against 

abrasive  paper  increased  less  rapidly  than  proportionately  with  1/iSs  ,  or  even  with 
1/S^e  where  the  extra  S  was  introduced  as  an  approximation  for  the  hardness.  To 

explain  this  trend,  they  modified  the  original  Ratner  argument  and  introduced  an  extra 
term,  the  damage  efficiency,  to  account  for  the  fact  that  only  some  of  the  strain  at 
rupture  is  involved  in  particle  detachment  and  a  significant  part  can  be  recovered 
elastically.  The  damage  efficiency  term  also  takes  account  of  the  fact  that  debris 
within  the  contact,  even  during  single-pass  abrasion,  can  reduce  the  effective  load  and, 
in  turn,  the  wear  rate  [59].  In  the  case  of  polymer  composites  under  a  severe 
abrasive  condition  (e.g.  abrasion  against  abrasive  paper),  Friedrich  [60]  proposed 


+ 


G/c 


with  O*  >  0  if/7  > and  O*  =  0  ifp< p^^,  (3) 


where 


Const. 

O*  =  a  characteristic  term  of  the  abrader  /  wear  surface  combination. 
p  -  apparent  contact  pressure. 

/7^„,  =  threshold  value  above  which  wear  particles  produce  detectable  microcracking. 
=  fracture  energy 

=  fracture  toughness;  a  =  1,  b  =  1/2,  and  c  =  1  in  the  first-order  approximation. 


20 


# 


The  first  term  of  this  equation  represents  the  wear  via  a  plowing  process  and,  the 
second  term,  via  a  microcracking  process.  Assuming  that,  for  the  given  testing 
conditions,  p  »  is  mainly  characterized  by  the  second  term  of  the  equation, 

and  a  correlation  of  the  form 


zjin 

should  lead  to  a  good  agreement  between  the  experimental  wear  data  and  the  theory. 
2.5. 1.2  Elastomers 

There  are  three  distinct  processes  can  be  identified  during  the  sliding  of  rubbers  over 
hard  and  abrasive  surfaces  [61]: 

(1)  Cutting  or  tearing  produced  by  asperities  with  very  small  apex  angles,  such 
as  abrasive  grains. 

(2)  Fatigue  as  a  consequence  of  repeated  deformation  on  surfaces,  which  are 
still  rough  enough  to  cause  high  stress  concentrations,  but  do  not  contain  sharp-pointed 
asperities. 

(3)  The  formation  of  patterns  on  the  rubber  surfaces  as  a  result  of  high 
adhesion  and  frictional  forces  against  both  smooth  and  rough  counterfaces. 

On  sharp  tracks  such  as  abrasive  paper,  various  attempts  have  been  made  to 
relate  the  abrasive  wear  rates  of  different  rubbers  to  tensile  strength  and  other 
mechanical  properties.  Buist  and  Davies  (1946)  have  suggested  [53] 

Wearrate=  (5) 
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where  is  the  shore  hardness,  a  is  the  tensile  strength  and  Og,  a,  are  constants.  An 
alternative  relationship  has  been  suggested  by  Ratner  and  Klitenik  (1959)  [53],  based 
on  experiments  with  a  variety  of  vulcanizates  of  different  rubber. 


Wd  -  Const. 


p(100-£>) 

a 


(6) 


where  D  is  the  percentage  rebound  resilience,  characterizing  the  hysteresis.  Grosch 
and  Schallamach  [57]  found  that  the  linear  rate  of  abrasion,  5  is  proportional  to  the 
normal  stress.  If  abrasion  on  sharp  track  is  a  result  of  tensile  failure,  then 


5  = 


U 


2K 1  ]xL  depth  of  abrasion 

St  ’  ^  ~  distance  of  sliding 


(7) 


where  t/  is  the  energy  density  at  break  measured  at  the  appropriate  high  frequency,  and 
K,  is  a  dimensionless  constant.  Uchiyama  [63]  proposed 


_  ^ 
“  ES 


(8) 


It  should  be  noticed  that  the  above  equation  is  not  complete,  in  the  sense  that  K.^  has 
dimensions.  Uchiyama  [63]  suggested  that  insertion  of  s  into  it  spoils  the 

correlation,  but  Schallamach  [64]  attributed  the  observed  minimum  of  5  ,as  the 
temperature  is  lowered,  to  the  maximum  of  s. 

Thavmani  et  al.  [64]  defined  abradability  (A)  as  the  volume  loss  per  unit 

friction  work,  then 

A  =  K,(l/U),  (9) 
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where  U  is  obtained  from  the  area  under  the  stress-strain  curve  and  is 
dimensionless.  By  using  a  modified  Du  Pont  Abrader,  they  observed  that  the 
abradability  increases  linearly  with  the  reciprocal  of  breaking  energy  for  the  individual 
rubbers:  NR,  SBR,  and  HNBR  which  are  both  filled  and  unfilled  [66,  67].  The 
coefficient  represents  the  volume  loss  per  unit  frictional  work  done  on  the  material 
for  which  the  breaking  energy  is  unity.  The  small  value  of  K.^  indicates  that  only  a 
fraction  of  the  frictional  work  is  utilized  in  causing  rupture  and  a  major  part  is 
dissipated.  They  also  found  that  the  abrasion  loss  decreases  with  the  increase  in 
crosslink  density  which  cause  the  decrease  in  hysteresis  loss  [66].  Moreover,  it  is 
known  that  the  breaking  energy  and  the  energy  loss  per  unit  volume  per  cycle  {E, )  are 
related  as  follows  [67]: 


U^k(E,f\  (10) 

where  k  is  a  constant.  If  81/2  is  one  half  of  the  peak-to-peak  dynamic  strain  and  E"  is 
the  loss  modulus,  then. 


El  =  TOf/2^' 


(11) 


Because 

U  ~  {E''y^ ,  at  constant  strain,  (12) 
or 

(13) 
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where  G”  is  the  shear  loss  modulus,  therefore 


A~(l/G"f\  (14) 

Mitsuhashi  et  al.  [65]  used  the  Lamboum  abrasion  test  to  study  which 
properties  of  rubber  correlate  with  abrasion  but  found  the  physical  properties  of  rubber 
compound  at  break  and  the  wear  rate  are  not  directly  correlated.  Paying  attention  to 
the  relations  between  the  size  of  particulate  wear  debris  and  wear  rate,  however,  they 
found  the  following  relation: 


where 


W,  =  K4 


(15) 


W/.  wear  rate  (volume/time) 

U:  tensile  energy  density  at  break 
O:  area  of  particulate  wear  debris 

K^:  constant  s  0.006 
a:  constants  0.4 

There  is  considerable  circumstantial  evidence  suggesting  that  particle 
detachment  arises  from  fatigue  during  sliding  against  counterfaces  which  are 
insufficiently  rough  for  the  elastic  limit  to  be  exceeded  in  asperity  deformation.  [59]. 
Reznikovskii  has  developed  a  fatigue  theory  of  wear  for  rubbers  based  on  the 
assumption  that  they  slide  over  a  rigid  coimterface  on  which  is  superposed  a  uniform 
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distribution  of  hemispherical  asperities  [53].  In  this  theory,  the  fatigue  properties  of 
the  rubber  are  characterized  by  the  relationship  of  the  form 

n  =  (ao/ay,  (16) 

where  n  is  the  number  of  cycles  to  failure  at  an  applied  stress  of  amplitude  ct,  ao  is  the 
ultimate  strength  of  the  material  in  a  single  application  of  stress,  and  6  is  a  constant 
characterizing  the  fatigue  properties  of  the  material.  It  is  not  easy,  however,  to  decide 
the  point  at  which  the  abrasive  wear  changes  to  fatigue  as  the  surface  topography  of 
the  counterface  is  changed.  The  mechanisms  of  two  extreme  situations,  wearing  on 
abrasive  paper  and  wearing  against  a  metal  gauze,  are  considered  to  be  merely  abrasive 
wear  and  fatigue,  respectively.  When  rubbers  are  worn  on  a  gauze,  the  wear  rate  is  no 
longer  proportional  to  the  applied  load;  instead  [53] 

fV,=  K,L\  (17) 

where  a  is  a  constant  for  a  particular  material  and  generally  ranges  from  1  to  8,  it 
increases  as  the  gauze  mesh  become  finer,  and  the  strength  of  the  molecular  interaction 
measured  by  cohesive  energy  density  becomes  larger.  Klitenik  and  Ratner  [53] 
observed  that  increasing  the  polarity  of  the  rubber  or  the  addition  of  active  fillers  such 
as  channel  blacks  results  in  the  increasing  of  a,  but  increasing  the  degree  of  swelling  of 
a  rubber  decreases  a.  A  direct  relationship  between  a  and  the  exponent  b  in  Equation 
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(16),  6  =  (fl+2)/3,  was  also  proposed.  The  proportionality  constant  represents  the 
volume  removed  per  imit  distance  of  sliding  per  unit  load  in  the  following  equation: 

,  p(lOO-Z)) 

where  y  is  a  constant,  D  is  the  %  resilience,  ao  is  the  tensile  strength,  and  C  is  the 
ratio  of  the  aged  to  imaged  values  of  the  product  of  tensile  strength  and  elongation  at 

break.  The  ratio  enters  because  of  the  breakdown  of  the  surface  layers  during  repeated 
stressing,  when  such  breakdoivn  does  not  occur  (e.g.  sliding  on  an  abrasive  paper),  C  = 
1  because  the  wear  rate  is  sufficiently  high  to  remove  the  layer  as  soon  as  it  forms. 
Since  sliding  on  the  abrasive  paper  a  =  1,  Equation  17  reduces  to  Equation  6. 

Although  various  attempts  have  been  made  to  relate  the  wear  of  elastomers  to 
their  physical  and  mechanical  properties,  the  empirical  relationships  proposed  only 
have  limited  applicability.  The  main  reason  is  that  rubber  surfaces  become  extensively 
degraded  during  sliding  by  processes  such  as  chain  scission  or  other  fi'ee  radical 
reactions;  these  reactions  leads  to  surface  layers  whose  properties  are  very  different 
from  those  of  the  bulk  materials  [61]. 

2.5.1. 3  The  Wear  of  Polyurethane 

Evans  and  Fogel  [70]  examined  the  relationship  between  the  tensile  and 
morphological  properties  and  abrasion  resistance  of  polyurethane  films  or  materials 
used  for  floor  surfaces.  Samples  of  unspecified  composition  were  placed  in  a  ball  mill 
abrasion  tester  and  subjected  to  repeated  impacts  of  14/36  carborundum  aluminum 
oxide  and  25  grade  porcelain  grinding  medium.  The  wear  performance  was  assessed 
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by  determining  the  60°  gloss  reading.  No  correlation  was  found  between  the  tensile 
energy  to  rupture  and  abrasion  resistance  at  ambient  temperatures.  In  an  attempt  to 
correlate  the  observed  performance,  the  samples  were  divided  into  two  arbitrary 
classes:  those  with  a  above  -10  °C  and  those  with  a  below  this  temperature. 
When  the  results  from  samples  which  remained  rubbery  at  -10  °C  were  disregarded, 
some  correlation  was  found  between  the  abrasion  resistance  and  the  rupture  energy. 
Samples  with  low  values  of  rupture  energy  had  the  greatest  decrease  of  %  gloss.  SEM 
analysis  indicated  that  the  more  brittle  films  had  failed  due  to  the  gouging  of  the 
surface  by  the  abrasive  media.  The  films  that  had  glass  transitions  between  -10  °C  and 
room  temperature  appeared  to  have  failed  the  gloss  test  because  the  surfaces  had 
become  crazed.  It  was  thought  that  as  the  cracks  formed  on  the  surface  tensile  failure 
did  not  occur;  however  cold  drawing  at  the  point  of  impact  was  found  to  lead  to  the 
crazing.  Materials  that  remained  rubbery  below  -10  °C  which  showed  no  loss  of  gloss 
also  showed  no  evidenee  of  cracking  or  gouging.  This  was  attributed  to  the  fact  that 
the  particles  did  not  impact  on  the  surface  with  enough  energy  to  damage  the  film. 

Li  and  Hutchings  [71]  studied  the  erosion  resistance  of  east  polyurethane 
elastomers  to  solid  particles.  For  those  polyurethanes  with  almost  the  same  rebound 
resilience,  there  is  a  trend  of  inereasing  erosion  rate  with  increasing  hardness,  tensile 
modulus,  and  tensile  strength.  The  highest  resistanee  to  erosion  was  found  in  the 
softest  material.  Sofuku  [72]  synthesized  polyester  and  polyether  based  polyurethanes 
which  have  the  same  isocyanate  and  changed  the  length  of  soft  segments.  The 
materials  which  have  a  hardness  near  JIS-A  90°  were  found  to  have  the  best  abrasion 
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resistance.  The  weight  loss  seemed  to  have  a  minimum  value  for  a  certain  cohesive 
energy  of  molecules;  however,  this  value  changes  for  different  types  of  soft  segment 
The  relationships  between  polyurethane  chemistry  (soft  segment  molecular 
weight  and  hard  segment  weight  percentage)  have  been  studied  by  Mardel  et  al.  [73] 
who  could  not  obtain  a  straightforward  relationship.  They  also  concluded  that  the 
Ratner-Lancaster  correlation  (Equation  2)  only  holds  for  glassy  materials  and  does  not 
hold  for  elastomeric  materials  [73].  A  comparison  was  made  between  the  performance 
of  an  as-molded  thermoplastic  polyurethane  and  one  annealed  in  vacuum  for  one  hour 
at  1 55  °C.  The  wear  surfaces  were  examined  by  SEM  after  a  Taber  Abrader  test.  The 
unannealed  specimen  appeared  to  have  suffered  a  greater  amount  of  damage  with  a 
much  rougher  and  more  disturbed  surface  than  the  annealed  one.  The  scars  on  the 
surface  indicated  that  large  sections  of  the  material  were  removed  during  the  wear  test. 
The  gouges  traversed  the  surface  of  the  annealed  specimen  and  plowed  the  sample  to 
the  side  of  the  groove  instead  of  removing  theose  large  sections  from  the  surface.  The 
annealed  sample  with  lower  initial  modulus  and  greater  extensibility  appeared  to  better 
survive  the  trauma  induced  by  the  wear  test.  The  as-molded  samples  wear  faster 
because  they  could  not  absorb  or  deflect  the  energy  induced  by  the  wear  testing 
procedure.  The  improvement  in  physical  properties  such  as  toughness,  elongation  at 
break,  and  stress  at  break  of  a  commercial  thermoplastic  polyurethane  were  foimd  after 
aimealing.  However,  the  authors  claimed  these  improvements  do  not  affect  the 
erosion  wear  performance  remarkably  [74].  The  major  role  tends  to  be  played  by  the 
morphology  changes  which  include  the  refining  of  the  domain  and  the  increasing  in 
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interdomain  spacings.  It  should  be  noted  that  there  is  no  correlation  between  wear 
behavior  measured  by  erosion  testing  and  by  a  pin  or  drum  abrasive  method. 

2.6  Graft  Copolymers 

According  to  the  International  Union  of  Pure  and  Applied  Chemistry  (lUPAC), 
graft  copolymers  are  defined  as  follows  [75]:  "A  graft  copolymer  is  a  high  polymer, 
the  molecules  of  a  main  chain  with  a  particular  set  of  structural  units  and  one  or  more 
branches  chemically  unite.  "  A  simple  type  of  graft  copolymer  can  be  represented  as 
follows: 


B 

B 

B 

B 

-  AAAAAAAAAAAAAAAAAAA - 


where  A  and  B  are  different  structural  units,  each  deriving  from  different  monomers. 

2.6.1  Radiation  Grafting 

The  direct  grafting  method  involves  the  irradiation  of  a  polymeric  substrate  in 
the  presence  of  monomers  and  usually,  in  the  absence  of  oxygen.  Generally  speaking, 
polymers  undergoes  scission  or  crosslinking  upon  irradiation.  In  the  presence  of  vinyl 
monomers,  the  former  predominately  produces  block-type  copolymers,  and  the  latter 
produces  a  pendant  graft  structure  such  as  shown  above.  According  to  an  empirical 
rule,  when  each  carbon  in  the  main  chain  of  a  vinyl  polymer  carries  at  least  one 
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hydrogen  atom,  the  polymer  crosslinks,  and,  if  a  tetrasubstituted  carbon  is  present  in 
the  monomer  unit,  the  polymer  degrades. 

The  dose,  dose  rate  of  irradiation,  diffusion  of  the  monomer  into  the  polymer, 
and  temperature  are  important  factors  in  the  radiation  grafting  system  [76],  The  total 
dose  determines  the  graft  yield,  usually  expressed  as  a  percentage  increase  in  weight, 
and  the  dose  rate  determines  the  length  of  the  grafted  branches.  Although 
conventional  homogeneous  steady  state  polymerization  kinetics  constitute  a  reasonable 
approximation  and  provide  an  explanation  for  these  effects,  the  actual  detailed 
mechanism  is  complex.  The  monomer  diffusion  coefficient,  the  monomer  solubility, 
the  monomer  concentration  in  the  external  solution,  and  the  transfer  and  termination 
rate  constants  of  the  growing  chains  affect  graft  yield. 


CHAPTER  3 


EXPERIMENTAL 


3.1  Raw  Materials 

Four  urethane  acrylate  oligomers  supplied  by  Sartomer  Inc.  are  (1)  CN  964 
neat,  a  resilient  aliphatic  urethane  acrylate;  (2)  CN  964E75  blend,  an  aliphatic  urethane 
acrylate  blended  with  25%  SR-454  (ethoxylated  trimethylolpropane  triacrylate);  (3) 
CN  980  neat,  a  fast  curing  aliphatic  urethane  acrylate;  and  (4)  CN  980M50  blend,  a 
fast  curing  aliphatic  urethane  acrylate  blended  with  50%  SR-339  (2-phenoxyethyl 
acrylate).  CN  964  has  a  polyester  backbone  and  CN  980  has  a  polyether  backbone. 

Acrylonitrile,  a  highly  toxic  cancer  suspect  agent  provided  by  Aldrich 
Chemical  Co.  is  a  liquid  with  boiling  point  77  °C  and  inhibited  by  35-45  ppm 
hydroquinone  monomethyl  ether.  Conventional  polyurethane  composites  are  provided 
by  Ms.  Dawn  Crawford  of  U.S.  Army  Belvoir  Research  Development  and  Engineering 
Center. 

3.2  Special  Instrument  for  Measuring  Edge  Abrasion 

An  oscillatory  cylinder  abrasive  machine  (Fig;ure  1, 2)  used  in  ASTM  D  4157 
was  modified  to  measure  the  edge  abrasion  property  (abrasion  on  fold)  of  polyurethane 
elastomers.  A  sheet  of  abrasive  paper  is  mounted  on  the  curved  surface  of  oscillating 
cylinder  and  fixed  to  it  by  edge  clamps.  Specimens  are  cut  to  2  cm  x  1  cm  and 
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clamped  to  paper  clips  (Figure  3).  The  rubber  pressure  pad  (Figure  4)  is  removed 
from  the  pad  holder,  and  a  specimen  set  is  stuck  onto  the  inner  center  surface  of  the 
pad  holder  by  a  double-face  foamed  tape.  During  the  measurement,  the  load  set  arm  is 
lowered  and  the  specimen  is  in  touch  with  the  surface  of  the  sandpaper.  The  position 
of  a  pressure  scale  weight  on  the  pressure  rod  determines  the  specific  load.  In  order  to 
allow  the  pressure  bar  to  rest  in  a  horizontal  position,  the  knurled  screw  on  the  top  of 
the  overarm  is  adjusted  according  to  the  thickness  of  the  specimen.  The  drum  is 
oscillated  90  cycles  per  minute  for  double  rubbing.  The  abrasion  section  oscillates 
through  an  arc  of  76  mm.  Abrasive  paper  is  replaced  after  each  run.  Only  one  of  the 
four  load  set  arms  was  used  and  at  least  5  specimens  were  tested  for  each  test 
condition.  In  order  to  minimize  the  influence  of  the  environment,  all  of  the  specimens 
tested  were  dried  in  a  80  °C  vacuum  desiccator  for  24  hours  after  washing  with 
n-hexane,  then  placed  in  a  dry-seal  vacuum  desiccators  until  being  tested.  The  abraded 
specimens  also  followed  the  same  processes  described  above  before  being  weighed. 
Dried  calcium  chloride  pellets  were  put  into  a  beaker  which  were  placed  in  the  cabinet 
containing  the  balance. 
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Figure  1.  Oscillatory  Cylinder  Abrasive  Machine. 
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Figure  3.  Method  to  make  specimen  set. 
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3.3  Irradiation  of  Urethane  Oligomers 

3.3.1  Electron  Beam  Irradiation 

A  sample  holder  (Figure  5)  was  made  by  sticking  a  closed  loop  of  cable  (3  mm 
diameter)  onto  a  16  cm  x  16  cm  aluminum  plate  by  chemical  adhesive.  Urethane 
oligomer  was  heated  to  70  °C  to  reduce  its  viscosity  and  poured  into  the  volume 
contained  by  the  loop  and  the  plate.  Another  aluminum  plate  of  the  same  size  covered 
the  top.  A  clip  was  used  to  clamp  the  plate  together  to  form  square  sandwich. 
Sample  holders  of  CN980,  CN964,  and  CN964E75  were  put  in  a  60  °C  oven  vertically 
for  48  hours.  Those  of  CN980M50  were  placed  in  the  hood  under  room  temperature. 
Each  sandwiched  sample  of  the  oligomer  stood  vertically  during  the  irradiation  so  that 
bubbles  could  rise  to  the  top.  These  four  series  of  urethane  oligomers  were  irradiated 
with  doses  of  50,  100, 150,  200,  and  250  kGy  by  the  UMCP  electron  linear  accelerator 
(LINAC)  at  20.4  pulse/s  and  15.6  Gy/pulse.  Sample  holders  were  arranged  vertically 
and  the  distance  between  sample  holders  and  the  window  of  electron  beam  was  40  cm. 

3.3.2  Gamma  Ray  Irradiation 

Two  different  procedures  were  used  for  the  sample  preparation:  one  is  the  same 
as  described  in  the  above  section;  in  another  method,  the  oligomers  were  placed  in  a 
vacuum  oven  for  24  hours  at  55  °C  in  order  to  remove  the  oxygen.  The  specimens 
were  irradiated  at  2  kGy/hr  to  doses  of  50, 100, 150, 200, 250  kGy. 


Aluminum  Plate 


Figure  5.  Sample  holder  for  curing  of  urethane  oligomers. 


3.4  Grafting 

Acrylonitrile  was  purified  by  distillation  at  vapor  temperature  71  °C  under 
nitrogen  at  the  atmosphere  pressure  just  before  use.  Polyurethane  specimens  were 
washed  with  n-hexane,  dried  under  the  hood  for  24  hours  then  put  in  a  vacuum 
desiccator  for  24  hours  just  before  use.  The  specimens  were  immersed  in  the 
acrylonitrile/n-hexane  solution  in  a  glass  tube  with  nitrogen  gas  purging  for  5  minutes 
before  being  sealed  by  a  stopcock  with  a  thin  film  of  silicone  vacuum  grease  on  the 
glass  joint;  then  the  tube  was  put  in  the  center  of  the  gamma  source  where  the 
absorbed  dose  rate  was  within  1  %  of  210  Gy/min  over  tvvo  months  in  which  these 
experiments  were  performed. 
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3.5  Gel  Fraction 

Gel  fraction  measurements  were  done  by  Soxhlet  extraction.  Three  specimens 
of  each  cured  product  were  prepared.  Each  specimen  holder  was  cut  into  several  small 
pieces.  The  specimen  was  placed  in  a  porous  thimble  in  the  chamber  with  boiling 
toluene  as  the  extracting  solvent.  Following  the  extraction,  the  thimble  and  gel  were 
dried  in  a  vacuum  desiccator  at  112  °C  for  24  hours.  After  cooling  to  room 
temperature,  the  thimble  and  gel  were  weighted.  Then  the  specimen  was  extracted 
again  as  described  above.  The  extraction  was  terminated  when  constant  weight  after 
drying  was  achieved. 

3.6  Hardness 

Pacific  Transducer  Corporation's  model  306L  ASTM  type  A  durometer  was 
used  to  measure  the  hardness  of  cured  products  of  CN980M50.  Three  pieces  of  a 
sample  were  stacked  to  a  thickness  of  9.5  mm,  and  placed  on  a  hard,  horizontal 
surface.  The  ancillary  of  the  durometer  was  set  below  5  points  on  the  dial.  The 
durometer  was  held  vertically  and  the  base  was  kept  parallel  to  the  surface  of  the 
specimen  while  the  pressure  foot  was  rapidly  applied  to  the  specimen.  The  minimum 
force  required  to  obtain  firm  contact  between  the  base  and  the  specimen  was  applied. 
The  maximum  reading  was  obtained  from  after  holding  the  durometer  in  place  for  1-2 
seconds.  At  least  5  tests  were  made  on  different  positions  to  determine  the  average. 
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3.7  Low  Energy  Electron  Bombardment 

Low  energy  electron  bombardment  was  done  by  Dr.  Sam  Nablo  at  Electron 
Processing  System  (EPS)  Inc.  The  dose  rate  was  50  kGy/pass. 

3.8  Plasma  Treatment 

Plasma  surface  treatment  was  done  by  Mr.  Keith  Neider  of  InPro  Inc. 

3.9  Mechanical  Properties 

A  Sintech  Universal  Machine  (Sintech  20)  was  utilized  to  measure  the 
mechanical  properties.  Tensile  strength,  elongation  at  break  and  modulus  are  obtained 
in  accordance  with  ASTM  D412,  with  a  uniform  rate  of  separation  of  500  mm/min. 
At  least  three  specimens  with  the  same  properties  were  tested. 


CHAPTER  4 


RESULTS  AND  DISCUSSIONS 


4.1  Abrasion  Tests 

In  this  section,  a  standard  test  condition  for  measuring  abrasion  loss  by  means 
of  the  modified  abrader  described  in  Section  3.2  will  be  discussed. 

4.1.1  Variables  in  Abrasion  Test 

There  are  four  main  variables  in  the  test  conditions  which  affect  the  results: 
temperature,  humidity,  the  applied  load,  and  the  nature  of  the  abrasive  paper.  In  this 
work,  tests  were  performed  at  a  fixed  load  under  ambient  temperature  which  might 
fluctuate  slightly  with  time.  Abrasion  papers  of  silicon  carbide  (SiC)  with  three 
different  grain  sizes  and  aluminum  oxide  (AljOj)  with  one  grain  size  were  used  in  the 
survey.  The  types  and  specifications  of  those  abrasive  are  listed  in  Table  2. 


Grinding  Materials 

Grit  No. 

Hardness, 

(MPa) 

Grain  Diameter 

(pm) 

220 

70 

SiC 

400 

2,500 

30 

600 

15 

Mfi, 

220 

1,800 

70 

*Table  2.  Abrasive  papers  used  and  the  corresponding  values  of  hardness  and 

grain  size. 

*  The  information  are  provided  by  3M  Co. 

Polyurethane  absorbs  moisture  gradually  and  affects  the  energy  dissipation 

during  the  abrasion  test  and,  hence,  causes  fluctuation  of  the  data.  Therefore,  the 

drying  treatment  described  in  the  experimental  part  is  necessary.  Because  of  the 

limitations  of  the  cutting  tools  (sharp  knife),  the  width  (length  of  contact  with  abrasive 

paper)  of  the  specimens  was  not  uniform.  In  order  to  eliminate  this  influence,  the 

width  (Wg)  was  measured  by  a  caliper  and  the  abrasion  loss  data  were  normalized  by  a 

multiplying  factor  (1/  w^).  This  approach  is  only  valid  when  the  difference  between 

the  width  of  the  specimens  is  small.  For  instance,  if  the  width  is  doubled,  the  abraded 

surface  does  not  have  the  same  shape.  The  reason  is  that  the  shape  of  both  of  the 

abrasive  mounted  on  the  drum  and  the  folded  specimens  are  arcs  which  were  normal 

to  each  other  (Figure  6).  Experiments  exhibited  good  agreement  in  the  weight 
loss  measurements  when  the  length  in  contact  with  the  abrasive  paper  was  10+ 0.1 

mm.  The  main  consideration  for  the  use  of  10  mm  as  the  contact  length  was  based  on 

convenience.  Figures  7  and  8  show  the  abrasion  loss  for  PU  composites  rubbing 
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against  different  abrasive  papers.  Harder  grinding  material  and/or  larger  grain  size 
caused  larger  abrasion  loss.  It  should  be  noted  that  all  of  the  abrasive  papers  have 
sharp  asperities;  therefore,  the  wear  mechanism  was  dominated  by  abrasive  wear.  For 
No.  400  and  600  SiC  abrasive  papers,  the  rate  of  abrasion  loss  tended  to  decrease  at 
higher  cycles.  On  the  other  hand,  against  No.  220  SiC  and  Al^Oj  abrasive  papers,  the 
specimens  showed  an  almost  linear  relationship  between  abrasion  loss  and  number  of 
abrasion  cycles.  Since  the  specimens  were  repeatedly  abraded  on  the  same  track,  the 
accumulation  of  the  debris  protected  the  part  of  the  specimens  from  being  worn  by  the 
abrasive  grains.  Such  an  effect  is  not  significant  in  the  case  of  large  grain  sizes, 
because  the  voids  between  the  grains  are  larger  and  most  of  the  grains  are  not  covered 
by  the  debris.  It  should  be  also  noted  that  the  abrasion  area  changes  during  the 
measurement  (Figure  8).  This  makes  it  hard  to  establish  a  useful  quantitative  equation 
to  describe  the  abrasion  loss.  However,  the  measurements  provide  a  useful 
comparison  of  relative  resistance  to  edge  abrasion. 


Abrasion  loss  (mg) 


Figure  7.  Abrasion  loss  vs.  cycles  for  the  PU  sliding  against  SiC  abrasive  papers  with 

different  grain  sizes. 


Figure  8.  Abrasion  loss  vs.  cycles  for  the  PU  sliding  against  abrasive  papers  with  the 
same  grain  size  but  different  grinding  materials. 


Shape  before  clamped 
to  the  paper  clip 


Before  abrasion 
After  abrasion 


Shape  while  mounted 
in  apparatus 


Shape  after  released 
from  apparatus 


Figure  9.  The  shape  of  the  specimen  at  different  times. 


4.1.2  Abrasion  Loss  in  Different  Sides 


The  polyurethane  sheets  had  a  shiny  smooth  side  and  a  side  that  was  dull  and 
apparently  rough.  The  sheets  were  slightly  curved,  with  smoother  surface  as  the 
outside  surface  and  the  "rougher"  surface  on  the  inside.  Stresses  needed  for  bending 
specimens  with  different  sides  as  abraded  surface  were  different.  The  smoother  side 
was  suggested  by  the  supplier  as  the  surface  for  abrasion  measurements  and 
treatments.  However,  no  difference  in  abrasion  loss  was  observed  for  abrading  the  two 
sides. 
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4.2  Polyurethane  from  irradiation  curing 

New  polyurethane  materials  which  were  tested  as  possible  replacements  of  the 
materials  currently  in  use  were  synthesized  here  by  curing  urethane  acrylate  oligomers 
by  ionizing  radiation.  Characterization  and  abrasion  resistance  of  these  materials  are 
shown  in  below. 

4.2.1  Gel  Fraction 

Electron  beam  (EB)  irradiation  was  used  in  the  first  attempt  to  cure  the  acrylate 
urethane  oligomers.  The  results  of  Soxhlet  extraction  shows  the  gel  fraction  reaches 
maximum  at  the  dose  of  150  kGy  (Figure  10).  Several  factors  which  contribute  to  this 
behavior,  the  principal  ones  being  the  result  of  rapid  heating  at  higher  dose  rate  (up  to 
65  cal/g)  by  the  electron  beam  and  at  least  as  much  from  the  heat  of  polymerization. 
Among  the  four  different  series  of  oligomers,  only  the  products  of  CN980M50  were 
resilient,  and  the  hardness  of  its  products  does  not  decrease  with  the  decrease  in  gel 
fraction  when  the  dose  exceeds  150  kGy  (Figure  11 ).  Therefore,  a  reaction  condition 
with  better  temperature  control  was  necessary.  Another  set  of  radiation  curing 
experiments  were  performed  by  gamma  ray  irradiation  for  CN980M50  with  and 
without  de-oxygenation.  The  gel  fraction  data  are  shown  in  Figure  12.  They  show 
that  oxygen  inhibits  the  curing.  The  relationship  between  dose  and  hardness  of  the 
cured  de-oxygenation  oligomer  is  shown  in  Figure  13.  The  much  lower  dose  rate 
associated  with  the  gamma  irradiation  caused  relatively  low  temperature  rise  and  an 
expected  pattern  to  the  data. 


4.2.2  Abrasion  Loss 


The  debris  of  the  specimen  stuck  to  the  abrasive  counterparts  and  made  the 
latter  totally  smooth  after  100  cycles.  No.  600  SiC  abrasive  papers  were  used  in  the 
measurements  because  the  wearing  of  the  specimens  by  No.  220  SiC  papers  were  too 
fast  to  yield  a  difference  between  different  materials  for  abrasion  resistance.  Only  the 
products  cured  by  gamma  ray  irradiation  were  investigated.  Figure  14  and  15  show 
the  abrasion  loss  and  abrasion  loss  rate  at  different  cycles.  Since  the  fact  that  the 
debris  in  this  case  formed  protective  layers  on  the  abrasive  counterparts  (this  could  be 
easily  observed  from  the  quickly  decrease  in  the  abrasion  loss  rate),  only  the  data  after 
20  cycles  was  taken  into  account.  By  this  procedure,  the  material  with  higher  gel 


fraction  had  a  better  abrasion  resistance. 


CN980M50 


Figure  14.  Abrasion  loss  vs.  cycles  for  cured  CN980M50  with  different  gel  fractions. 
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Figure  15.  Abrasion  loss  rates  for  cured  CN980M50  with  different  gel  fraction  at 
^  different  cycle  ranges. 
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4.2.3  Hardness  and  Abrasion  Loss 


Figure  16  shows  an  almost  linear  relationship  between  Shore  A  hardness  and 
gel  fraction.  Figure  17  shows  that  abrasion  loss  decreases  as  the  hardness  increases. 
This  is  in  agreement  with  the  work  of  Buist  and  Davies  [53]  (Equation  5),  and  with 
the  behavior  of  rigid  polymers  (see  Chapter  2).  However,  it  conflicts  with  the  relation 
proposed  by  Li  and  Hutching  [71]  who  suggest  that  the  erosion  rate  increases  as  the 
hardness  of  polyurethane  increases.  In  their  case,  the  erosion  takes  place  while 
blowing  abrasive  particles  (e.g.  silicone  carbide)  over  the  specimens.  A  softer 
specimen  finds  it  easier  to  recover  from  the  deformation  caused  by  the  attacking 
particles  than  the  rigid  one  without  being  cut.  In  our  investigation,  a  normal  load  was 
applied  on  the  specimen  when  it  rubbed  against  the  abrasive  counterface.  The 
specimen  surface  was  plowed  and  cut.  In  this  case,  the  harder  material  has  higher 
crosslink  density  (gel  fraction)  which  means  the  binding  strength  between  molecules  is 
higher  and  the  abrasion  resistance  is  greater.  Sofuku  [72]  observed  that  abrasion  loss 
first  decreases  as  the  hardness  increases  then  increases  beyond  a  certain  hardness.  He 
used  polyurethanes  with  the  same  hard  segment  but  with  different  soft  segment  chain 
lengths,  however,  in  our  study,  the  compositions  of  materials  are  the  same.  Friedrich 
[60]  proposed  that,  for  specimens  rubbing  against  abrasive  papers,  abrasion  loss  is 
caused  by  plowing,  microcracking,  or  both.  The  magnitude  of  these  effects  are 
determined  by  the  applied  pressure,  p,  and  the  critical  pressure  of  the  specimen, 
(which  is  proportional  to  fracture  toughness/hardness).  When  p  <  p^,  ,  plowing 
effects  dominate  and  less  abrasion  loss  is  registered  with  samples  of  higher  hardness. 


Microcracking  dominates  where  p  >  in  which  case,  higher  hardness  causes 
abrasion  loss  (Equation  3). 


Figure  16.  The  relation  between  shore  A  hardness  and  gel  fraction  for  the  cured 

CN980M50. 


Figure  17.  Abrasion  loss  vs.  hardness  for  the  cured  CN980M50  after  20  cycles. 
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4.3  Surface  Treatment  by  Low  Energy  Electron  Beam 

Abrasion  resistance  of  the  new  polyurethane  materials  polymerized  in  this 
work  and  discussed  in  Section  4.2  is  worse  than  the  one  provided  by  Ft.  Belvoir  and 
which  is  currently  in  use.  Also,  from  Section  4.2,  polyurethane  with  higher  crosslink 
density  shows  greater  abrasion  resistance.  Therefore,  low  electron  energy  treatment 
was  attempted  on  the  surface  of  polyurethane  composites  currently  in  use. 

The  penetration  depth  of  electrons  is  related  to  their  energy.  For  plane  parallel 
beams  incident  normally  on  a  slab  absorber,  the  useful  penetration  is  given  by  the 
following: 

X  (cm) «  ,  when  E  <  1  MeV, 

E 

X  (cm)  «  -p ,  when  E  >  1  MeV, 

where  x  is  the  penetration  depth,  E  is  the  energy  of  electron,  and  p  is  the  density  of 
material  (g/cm^).  In  this  study,  some  irradiations  were  done  with  electrons  with  energy 
175  keV  with  a  dose  rate  of  50  kGy/pass;  the  useful  penetration  was  a  few  microns. 
The  abrasion  loss  of  PU  materials  thus  irradiated  is  shown  in  Figure  18.  It  shows 
there  is  no  significant  improvement  for  the  materials  after  treatments  up  to  200  kGy. 
This  approach  was  abandoned  in  favor  of  the  graft  polymerization  method  of 
modifying  the  surface  (Section  4.5),  especially  as  it  was  difficult  to  arrange  for  access 
to  EPS  Inc.  accelerator  in  Massachusetts. 
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4.4  Surface  Treatment  by  Plasma 


Plasma  treatments  also  can  be  used  to  harden  material  surfaces.  There  were 
three  different  plasma  treatments  used  in  this  investigation:  (1)  propane  treatment 
followed  by  a  fluorine  treatment,  (2)  fluorine  treatment  only,  (3)  oxidation  treatment 
only.  Figure  19  shows  there  is  no  improvement  in  abrasion  resistance  after  these 
treatments.  This  was  a  limited  exploratory  effort  which  was  not  considered  for  further 
work,  not  only  because  of  lack  of  early  success,  but  because  of  the  more  promising 
results  obtained  by  graft  polymerization  (Section  4.5). 


Figure  19.  Abrasion  loss  of  plasma-treated.  PU. 


4.5  Polyacrylonitrile  Grafted  Polyurethane  (PAN-g-PU) 


Since  methods  discussed  in  Section  4.2,  4.3,  and  4.4  did  not  provide 
improvement  in  abrasion  resistance.  Another  approach  was  taken  to  improve  abrasion 
resistance  by  grafting  a  vinyl  monomer  to  the  polyurethane  backbone.  Acrylonitrile  as 
the  monomer  was  chosen  because  of  the  attractive  properties  of  polyacrylonitrile.  It  is 
a  semi-  crystalline  glassy  material  {T^  =105  °C)  with  (1)  good  chemical  resistance,  (2) 
high  abrasion  resistance,  and  (3)  good  mechanical  properties.  Polyacrylonitrile  can  be 
used  to  form  thin  layer  on  the  surface  of  elastomers  with  minimal  change  in  bulk 
mechanical  properties  of  elastomers. 

4.5.1  Nature  of  Graft 

The  term  "graft  polymerization"  is  often  loosely  applied  to  a  reaction  whereby 
a  polymer  undergoes  a  weight  gain  consisting  of  (1)  a  true  chemically  bonded  fraction 
of  pendant  chains  and  (2)  occluded  homopolymer  which  is  alloyed  with  or 
heterogeneously  dispersed  in  the  matrix.  Also,  the  weight  gain  can  be  uniform  or 
distributed  in  a  non-uniform  manner  determined  by  diffusion  and  solubility  properties 
during  grafting.  In  order  to  determine  the  nature  of  graft  a  solvent  experiment  was 
performed.  Small  pieces  of  grafted  and  ungrafted  polyurethanes  were  immersed  in 
tetrahydrofuran  (THF).  The  ungrafted  one,  which  was  irradiated  in  pure  n-hexane  by  a 
20  kGy  gamma  dose,  dissolved  quickly,  and  the  inert  fillers  inside  made  the  solution 
turbid.  The  grafted  polyurethane  in  THF  made  the  solution  only  slightly  turbid  and  the 
polymer  showed  a  sandwich-like  structure;  it  appeared  to  consist  of  insoluble 
PAN-grafted  surfaces  containing  a  relatively  clear  ungrafted  interior.  After  prolonged 


immersion  in  THF,  the  sandwich  separated  into  two  curled  sheets  with  the  outer 
surface  inside.  If  there  were  only  polyacrylonitrile  generated  in  the  polyurethane 
matrix,  the  specimen  would  dissolve  completely  and  polyacrylonitrile  particles  would 
disperse  in  the  solution.  In  order  to  make  sure  the  phenomenon  is  caused  by  the 
polyacrylonitrile  graft,  an  ungrafted  polyurethane  was  sliced  to  half  thickness  and 
immersed  in  benzene  and  the  flat  sheets  did  not  curl.  The  above  observations 
confirmed  that  the  grafting  produced  a  true  graft  with  little  homopolymer  and  the 
grafting  is  heavier  on  the  surface  than  inside  of  the  polyurethane  (Figure  20).  In  order 
to  examine  if  crosslinking  occurred,  grafted  samples  were  soaked  in 
N,N-dimethylformamide  (DMF).  DMF  is  a  good  solvent  for  both  polyurethane  and 
polyacrylonitrile.  Experiments  showed  all  specimens  dissolved  completely.  This 
result  indicates  that  no  crosslinking  occurs  in  the  matrix. 

4.5.2  Graft  Yield 

In  order  to  preferentially  graft  polyacrylonitrile  to  the  surface  of  the 
polyurethane,  n-hexane  was  chosen  as  the  solvent.  The  data  from  the  swelling  tests 
shows  polyurethane  swells  n-hexane  much  more  slowly  than  the  other  organic  solvents 
studied  (cyclohexane,  chloroform,  methanol,  ethyl  acetate,  and  benzene).  Of  course, 
uniformity  of  swelling  is  time  dependent  and  the  extent  of  swelling  is  concentration 
dependent.  Experiment  showing  the  swelling  of  polyurethane  in  AN/n-hexane 
solutions  produced  the  data  given  in  Figure  21.  Table  3  shows  the  graft  conditions 
and  yields  of  polyacrylonitrile  grafted  polyurethane  (PAN-g-PU). 
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In  order  to  investigate  the  inhibition  of  grafting  by  oxygen,  several  specimens 
were  exposed  to  air  in  a  dry-seal  desiccator  for  two  weeks  before  irradiation. 
Specimens  with  and  without  exposure  to  air  were  placed  in  the  same  container  and 
irradiated.  Table  4  lists  the  grafting  conditions  and  Figure  22  shows  that  oxygen 
inhibition  of  grafting  is  reduced  at  higher  dose. 


Figure  20.  PAN-g-PU  in  THF. 


4 


Time  (min) 

Figure  21.  The  swelling  of  PU  (wt.  %)  in  different  concentration  of  AN/n-hexane 

solution  (vol.  %). 


Table  3.  The  graft  conditions  and  yields  of  PAN-g-PU 


g 
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Swelling  Time 
before 
Irradiation 
(min) 


Dose  Dose  Rate  Irradiation 
(kGy)  (Gy/min)  Time  (min.) 


Graft 


With  O, 


Yield  (%) 


Without  0, 


1 

2 

9.5 

1 

23.9 

0.2 

1.5 

4.9 

5.9 

9.5 

10.3 

12.4 

12.8 

Table  4.  Graft  conditions  and  yields  of  PAN-g-PU  in  the  10%  AN/n-hexane  solution. 


With  oxygen 
Without  oxygen 


Dose  (kGy) 


Figure  22.  The  Relation  between  graft  yields  and  doses  for  PAN-g-PU 


The  dose  and  acrylonitrile  permeation  into  the  polyurethane  are  the  two  main  factors 
affecting  the  graft  yield.  Comparison  of  Table  4  to  Table  3  shows  that  at  doses  of  10 
and  20  kGy,  the  graft  yields  depend  on  the  amount  of  acrylonitrile  in  the 
polyurethanes.  In  Figure  22,  the  curve  tends  to  level  off  quickly  at  higher  doses 
because  the  irradiation  also  produces  polyacrylonitrile  homopolymer  in  the  solution 
and,  hence,  reduces  the  concentration  of  acrylonitrile  available  for  grafting.  The 
dependence  of  graft  yields  on  the  dosage  at  low  doses  can  be  seen  in  Table  5.  The 
yields  are  less  than  the  acrylonitrile  concentration  before  irradiation.  The  graft  yield  in 
Table  3  is  proportional  to  ^  up  to  D  =  5  kGy.  Such  an  empirical  fit  has  no 
fundamental  meaning  because  it  combines  the  changes  with  dose  in  monomer 
concentration  in  the  solution,  which,  in  turn,  controls  monomer  concentration  in  the 
polymer.  This  is  shown  in  Table  6  where  monomer  concentration  alone  (not  graft 
yield)  determines  swelling  characteristics. 


Pre-swelling 
time  (min.) 

Wt.  increase 
after 

pre-swelling 

(%) 

Dose 

(kGy) 

Total 

swelling  time 
(min.) 

Estimated 

weight 

increase 

(%) 

Graft 

Yield 

(%) 

40 

13.9 

20 

134 

>23 

20.2 

10 

6.5 

20 

105 

>20 

12.8 

20 

11.8 

10 

>17 

13.8 

6.5 

10 

57.7 

>  16 

10.3 

6.5 

8 

48.1 

>  14 

8.6 

10 

6.5 

5 

33.7 

>  12 

5.9 

10 

6.5 

2 

19.4 

>8 

1.5 

10 

6.5 

1 

14.8 

>6 

0.5 

Table  5.  The  comparison  of  acrylonitrile  intake  and  graft  yield. 


Graft 

Yield  (%) 

AN  vol.  %  in 

■  AN/  n-hexane 

Weight  increase  %  after 

60  min. 

120  min. 

180  min. 

48  hr 

20.2 

0 

0.6 

0.9 

1.2 

5.1 

10 

16.6 

25 

27.7 

29.9 

100 

30.1 

47.9 

54 

55.8 

13.8 

0 

0.8 

1.2 

1.5 

5.6 

13.8 

10 

16.8 

25.3 

28 

30 

13.8 

100 

31 

47.7 

54 

56.3 

5.9 

0 

1.4 

2 

2.5 

6.6 

5.9 

17 

25.2 

28 

29.7 

5.9 

48 

53.3 

55.5 

1.5 

0 

1.5 

2.2 

2.7 

7.2 

1.5 

10 

25.5 

28.4 

30.5 

1.5 

100 

31.1 

48 

54 

56 

0 

0 

1.7 

2.5 

3.1 

7.4 

0 

10 

17.4 

25.7 

28.6 

30.3 

0 

100 

47.5 

53.7 

56 

Table  6.  The  swelling  data  of  PAN-g-PU. 


Although  the  swelling  of  acrylonitrile  is  independent  of  graft,  Table  6  shows  that  the 
grafting  of  polyacrylonitrile  onto  polyurethane  inhibits  the  swelling  by  n-hexane.  This 
is  a  further  evidence  for  that  the  leveling-off  of  the  graft  yields  at  the  higher  doses  is 
caused  by  the  homopolymerization  of  acrylonitrile  in  the  outside  solution.  Table  6 
and  7  show  that  the  swelling  is  concentration  dependent;  Table  7  also  shows  the 
dependence  on  solvent.  The  lower  solubility  and  diffusivity  of  water  in  polyurethane 
cause  a  lower  swelling  ratio  of  the  acrylonitrile  aqueous  solution.  Lokhande  et.  al. 
[77]  grafted  acrylonitrile  onto  guar  gum  by  immersing  the  gum  in  acrylonitrile  aqueous 
solution  and  then  submitting  the  swollen  sample  to  gamma  radiation.  They  found  the 
graft  yields  increased  with  the  increase  of  acrylonitrile  concentration  in  the  solution 
while  other  conditions  were  kept  the  same. 


Solution 

Weight 

increase  % 

after 

60  min 

120  min 

48  hr 

1 0%  AN/  n-hexane 

17.4 

25.7 

30.3 

5%  AN/  n-hexane 

8.9 

12.5 

19.6 

1%  AN/  n-hexane 

2.5 

3.5 

8.7 

Pure  n-hexane 

1.7 

2.5 

7.4 

5  %  AN/  water 

3.4 

4.7 

8.9 

1%  AN/ water 

0.9 

1.1 

2.1 

Pure  water 

0.6 

0.7 

1.3 

Table  7.  The  swelling  of  polyurethane  in  the  different  solution  systems. 


4.5.3  Abrasion  Loss 


Figure  23  shows  the  abrasion  scheme  of  a  grafted  PAN-g-PU  sample  which  is 
shown  in  a  simplified  3 -region  form.  The  two  surfaces  may  have  different  graft 
content  and  the  core  of  the  sample  is  virtually  ungrafted.  Such  a  one-sided  surface 
graft  is  intended  to  provide  improved  abrasion  resistance  to  the  surface  in  normal  use 
with  little  change  in  bulk  mechanical  properties.  In  the  beginning  of  the  edge  abrasion 
test,  only  the  harder  (or  more  heavily  grafted)  zone  was  abraded.  After  the  wearing  out 
of  the  crest,  the  softer  and  harder  zones  were  in  simultaneous  contact  with  the  abrasive 
paper.  Visual  observations  show  that  the  size  of  the  debris  from  the  grafted 
polyurethanes,  especially  for  graft  yields  larger  than  5.9  %,  were  smaller  than  the 
ungrafted  ones  at  the  beginning  of  abrasion.  With  5.9  %  graft  significantly  larger 
debris  appear  after  100  cycles.  The  size  difference  of  debris  between  1.5  %  grafted 
and  ungrafted  polyurethane  could  not  be  distinguished  by  the  naked  eye.  According  to 
the  equation  of  Mitsuhashi  [64]  (Equation  15),  the  larger  debris  size  indicates  a  larger 
abrasion  loss.  Figure  24  compares  the  abrasion  loss  for  PAN-g-PU  synthesized  from 
1 0  %  AN/  n-hexane  solution  with  result  from  different  grafts.  The  abrasion  loss  seems 
to  level-off  for  13.6  %  and  20.5%  grafted  PAN-g-PU.  However,  Figure  25  shows 
that  the  abrasion  loss  rates  in  the  first  60  cycles  are  almost  identical  for  both  of  them, 
and  for  a  larger  cycle  number,  that  the  13.6  %  graft  lost  its  weight  faster  than  the  20.5 
%  graft.  This  may  indicate  that  both  have  similar  surface  graft  densities  (PAN 
weight/unit  weight  of  surface)  but  the  depth  of  the  graft  is  different.  In  Figure  25,  the 
abrasion  loss  rate  decreases  with  increasing  cycle  number  for  0  %  and  1.5  %  grafted 


polyurethanes;  this  is  probably  due  to  the  protection  by  the  debris.  On  the  other  hand, 
for  other  PAN-g-PUs,  the  abrasion  loss  rate  increases  in  the  cycle  range  of  60  -  100. 
This  is  the  effect  of  change  in  the  graft  density  in  overcoming  the  effect  of  debris 
protection;  and  after  100  cycles,  debris  protection  becomes  stronger. 


Figure  23.  The  abrasion  scheme  of  PAN-g-PU. 
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Weight  loss  (mg) 


Graft  Yield  {%)  Graft  Yield  (%) 

Figure  24.  Abrasion  loss  of  PAN-g-PU  synthesized  from  10%  AN/n-hexane  with 

different  graft  yields. 


4.5.4  Heat  Treatment 


Polyacrylonitrile  has  been  found  to  crosslink  upon  heating  (Figure  26)  [79,  80].  An 
azomethine  ((1),  Figure  26)  is  formed  by  heating  at  80  °C.  Heating  at  a  higher 
temperature  (135  “C)  produces  the  conjugated  fused  ring  of  the  polyimide  ((2),  Figure 
26). 

PAN-g-PU  and  ungrafted  polyurethane  were  put  into  a  vacuum  desiccator  at  80 
°C  for  24  hours.  After  this  treatment,  the  PAN-g-PU  with  13.6  %  and  20.5  %  graft 
were  stiffer  than  before  the  heating  but  no  appreciable  color  change  was  observed. 
Part  of  the  materials  were  cut  and  heated  at  135  “C  under  vacuum  for  20  hours.  Only 
13.6  %  and  20.5  %  grafted  polyurethanes  showed  significant  changes  in  color  by 
turning  to  reddish  yellow;  however,  the  stiffness  decreased.  Table  8  lists  the  change 
in  abrasion  loss  for  PAN-g-PU  after  heat  treatments.  It  can  be  seen  that  only  13.6  % 
and  20.5  %  grafts  after  80  °C  treatment  give  rise  to  substantial  improvements  in 
abrasion  resistance.  However,  further  heating  at  135  “C  reduces  abrasion  resistance. 


Figure  26.  Crosslinking  of  Polyacrylonitrile. 
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Graft  %  =  20.5 


Weight  loss  (mg) 

Cycles 

Without  heat  treatment 

@  80  °C  24  hr 

@80  °C  24hr&  135°C  20  hr 

100 

2.5  ±  0.2 

2.5  ±  0.3 

200 

4.9  ±  0.3 

4.0  ±  0.2 

4.9  ±  0.2 

Graft  %  =  13.6  % 


Weight  loss  (mg) 

Cycles 

Without  heat  treatment 

@  80  “C  24  hr 

@80  °C24hr&  135  “C  20  hr 

100 

2.6  ±  0.3 

2.0  ±0.2 

2.5  ±  0.3 

200 

5.2  ±0.2 

4.5  ±  0.2 

5.1  ±  0.3 

Graft  %  =  5.9  % 


Weight  loss  (mg) 

Cycles 

Without  heat  treatment 

@  80  °C  24  hr 

@80  °C  24  hr  &  135  °C  20  hr 

100 

3.3  ±  0.2 

3.1  ±  0.3 

3.3  ±  0.3 

200 

6.7  ±  0.3 

6.8  ±  0.3 

6.8  ±  0.3 

Graft  %  =  1.5  % 


Weight  loss  (mg) 

Cycles 

Without  heat  treatment 

@  80  “C  24  hr 

@80  “C24hr&  135  °C  20  hr 

100 

6.2  ±  0.3 

6.3  ±  0.3 

6.3  ±  0.3 

200 

9.2  ±  0.4 

9.1  ±  0.4 

9.2  ±  0.4 

Table  8.  The  comparison  of  abrasion  loss  for  PAN-g-PU  before  and  after  heat 

treatment. 


4.5.5  Grafting  and  Changing  Bulk  Properties 

Figure  24  shows  that  grafted  polyurethanes  have  almost  a  factor  of  two 
advantage  in  abrasion  resistance  over  untreated  polyurethane.  Furthermore, 
post-grafting  heat  treatment  at  80  °C  improves  the  abrasion  resistance  by  more  than  a 
factor  of  two  (Table  8).  However,  the  accompanying  increase  in  stiffness  of  the 
elastomer  is  not  acceptable.  Efforts  to  remain  flexibility  while  improving  abrasion 
resistance  are  necessary.  This  led  to  the  attempt  to  restrict  the  graft  only  to  the  surface 
of  polyurethane. 

4.5.5. 1  Surface  Grafting 

Since  polyurethane  swells  with  acrylonitrile  rapidly  (see  Figure  21),  the  graft 
density  of  polyacrylonitrile  is  high  in  the  bulk  polymer,  which  changes  the  bulk 
properties  of  the  elastomeric  polyurethane  matrix  and  makes  it  stiffer.  Thus,  efforts 
were  made  to  constrain  the  grafting  to  the  surface.  According  Figure  21  and  Table  7, 
polyurethane  swells  much  more  slowly  in  1  %  AN/n-hexane  solution.  Also,  the  graft 
of  acrylonitrile  on  the  polyurethane  does  not  affect  the  acrylonitrile  intake  (Table  6). 
A  graft  experiment  was  performed  to  make  the  polyurethane  specimen  described  in 
Table  9. 


Pre-swelling  time  in 

1  %  AN/n-hexane 
(min.) 

Dose 

(kGy) 

Dose  rate 
(kGy/min) 

Irradiation  time 
(min.) 

Graft  % 

10 

25.2 

209.9 

120 

1.4 

Table  9.  Graft  condition. 
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The  graft  yield,  1 .4  %  was  low  because  most  of  acrylonitrile  polymerized  in  the 
external  solution  before  diffusing  into  the  pol5airethane.  Comparing  this  PAN-g-PU  to 
the  one  with  similar  graft  yield  (1.5  %)  synthesized  from  10  %  AN/n-hexane  solution, 
the  abrasion  loss  data  of  the  former  had  better  abrasion  resistance  in  the  first  60  cycles, 
but  both  had  similar  abrasion  loss  after  200  cycles  (Figures  27  and  28).  This 
indicates  the  PAN-g-PU  synthesized  from  1  %  AN/n-hexane  had  a  larger  graft  density 
on  the  surface.  However,  graft  yield  was  not  enough  to  improve  the  abrasion 
resistance  significantly. 


Weight  loss  rate  (mg/cycle) 


Cycles 


Figure  27.  The  comparison  of  abrasion  loss  for  PAN-g-PU  with  similar  overall  graft 
yield  but  synthesized  from  different  monomer  concentrations. 


Graft  %  =  1.5%,  in  10  %  solution  □  Graft  %  =  1.4%,  in  1%  solution 


Figure  28.  The  abrasion  loss  rate  for  PAN-g-PU  with  similar  overall  graft  yield  but 
synthesized  fi-om  different  monomer  concentrations. 
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4.5.5.2  Choice  of  Grafting  Conditions 

The  swelling  and  grafting  results  summarized  in  Figure  21  and  Table  3  led  to 
the  choice  of  10  %  AN/n-hexane  solution  as  the  optimum  means  of  obtaining  high 
enough  graft  (>  10  %)  to  improve  abrasion  resistance  substantially  (Figure  24),  and 
concentrated  near  the  surface  (10  min  pre-irradiation  equilibration).  The  stiffness 
increase  problem  was  addressed  by  the  one-side  grafting  method  described  in  the  next 
section. 

4.5.5.3  Graft  on  One  Side 

Attempts  to  restrict  grafting  to  one  side  were  performed  by  covering  the  other 
side  with  Scotch  Magic  Tape.  Table  10  shows  the  reaction  conditions  and  graft  yields 
of  PAN-g-PU  synthesized  from  10  %  AN/n-hexane  solution  with  10  minutes 
equilibration  time.  Pieces  of  grafted  materials  were  immersed  in  THF.  There  was  a 
thin  layer  of  insoluble  material  remaining  on  the  .side  with  tape  attached;  this  indicates 
the  tape  could  not  totally  inhibit  the  penetration  of  acrylonitrile  into  polyurethane. 
However,  this  layer  was  much  thinner  than  the  insoluble  layer  on  the  exposed  side. 
The  abrasion  loss  data  are  for  the  exposed  shown  in  Figure  29. 


Dose  (kGy) 

Graft  Yield  (%) 

8 

4.1 

10 

5.1 

20 

6.8 

Table  10.  Graft  yields  of  one  side  grafted  PAN-g-PU. 

76 


4 


Graft  Yield  (%) 


Graft  Yield  (%) 


Figure  29.  Abrasion  loss  vs.  graft  yield  for  one  side  grafted  PAN-g-PU. 


4.5.5.4  Mechanical  Properties 

The  one-side  grafted  material  with  a  graft  yield  5.1  %  was  selected  for 
mechanical  testing  because  of  the  "bare  hand"  feeling  of  stififcess  and  the  abrasion  data 
in  Figure  29.  Table  11  lists  the  tensile  properties  of  grafted  and  ungrafted  materials; 
the  results  are  the  mean  values  for  three  samples. 


Materials 

Modulus 

(MPa) 

Tensile 

Strength  (MPa) 

Elongation  at 
Break  (%) 

Ungrafted  polyurethane 

16.8  ±  0.2 

37.5  ±  0.3 

1060  ±43 

5.1  %  one-side  grafted 

17.9  ±  0.2 

43.0  ±  0.4 

983  ±  38 

polyurethane 

Table  11.  Tensile  properties  of  grafted  and  ungrafted  polyurethane. 

The  tensile  properties  demonstrate  that  the  one-side  grafted  material  is 
satisfactory  and,  in  some  respects,  even  better  than  the  ungrafted  material  (tensile 
strength).  Most  important  of  all.  Figure  29  and  Table  11  show  that  the  5.1  % 
one-side  grafted  polyurethane  has  an  improvement  in  abrasion  resistance  of  a  factor  of 
two  up  to  160  cycles  with  only  a  small  but  acceptable  increase  (6.5  %)  in  modulus. 
4.5.5.5  Effect  of  Dose  Rate 

Double-face  grafting  by  total  dose  of  10  kGy  achieved  by  50  Gy/min  in  10  % 
AN/n-hexane  solution  with  10  min  pre-irradiation  swelling  time  was  used  to 
investigate  the  effect  of  dose  rate.  The  graft  yield,  11.7  %,  which  was  slightly  larger 
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than  the  grafted  material  synthesized  from  210  Gy/min.  Figure  30  and  31  show  the 
smaller  dose  rate  caused  smaller  graft  density  on  the  surface  of  PAN-g-PU. 

4.5.5.5  Permeation  and  Chemical  Resistance 

Dr.  Jay  Humphrey  of  the  University  of  Maryland  at  Baltimore  County  is  at  this 
writing,  measuring  the  permeation  properties  of  our  modified  polyurethanes.  Ms. 
Dawn  Crawford  of  the  Belvoir  Research  Development  and  Engineering  Center  is 
measuring  the  resistance  of  the  polyacrylonitrile-modified  surface  to  chemical  agents. 


Figure  30.  Abrasion  loss  of  PAN-g-PU  synthesized  from  different  dose  rates. 
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^  60-100 
B  100-160 
H  160-200 


DR  =  21 0  Gy/min  DR  =  50  Gy/min 


Figure  31.  Abrasion  loss  rate  of  PAN-g-PU  synthesized  from  different  dose  rates. 


CHAPTER  5 


CONCLUSIONS  AND  ACCOMPLISHMENTS 


1.  Twofold  improvement  in  edge  abrasion  resistance  with  minimal  changes  in 
bulk  mechanical  properties  was  achieved  by  one-sided  grafting  of 
polyacrylonitrile  to  the  surface  of  polyurethane  in  10  %  AN/n-hexane  solution 
irradiated  by  a  10  kGy  gamma  dose. 

2.  The  abrader  made  by  modifying  an  oscillatory  cylinder  abrasive  machine  was 
successful  in  measuring  the  difference  in  abrasion  loss  between  treated  and 
untreated  elastomers. 

3.  In  the  curing  of  acrylated  urethane  oligomers  by  cobalt-60  gamma,  gel  fraction 
and  hardness  increase  with  an  increase  in  absorbed  dose.  The  abrasion 
resistance  is  better  with  larger  gel  fraction  and  hardness,  which  indicates  higher 
crosslinking  density  results  in  better  abrasion  resistance.  However,  no 
improvement  is  found  over  the  conventional  polyurethane  composite  provided 
by  Ft.  Belvoir. 

4.  Low  energy  electron  beam  and  plasma  treatments  failed  to  improve  abrasion 
resistance. 

5.  A  literature  study  of  the  theory  of  abrasion  resistance  of  elastomers  was 
performed  and  summarized  in  this  work. 
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